A Raman microspectrophotometer is described that allows the spectroscopic investigation of protein crystals under exactly the same conditions as those used for X-ray data collection. The concept is based on the integration of the Raman excitation/collection optics into a microspectrophotometer built around a singleaxis diffractometer and a cooling device. It is shown that Raman spectra of outstanding quality can be recorded from crystallized macromolecules under non-resonant conditions. It is proposed that equipment developed in the context of macromolecular cryocrystallography, such as commonly used cryoloops, can be advantageously used to improve the quality of Raman spectra. In a few examples, it is shown that Raman microspectrophotometry provides crucial complementary information to X-ray crystallography, e.g. identifying the chemical nature of unknown features discovered in electron-density maps, or following ligand-binding kinetics in biological crystals. The feasibility of 'online' Raman measurements performed directly on the ESRF macromolecular crystallography beamlines has been investigated and constitutes a promising perspective for the routine implementation of combined spectroscopic and crystallographic methods. In crystallo Raman spectroscopy efficiently complements absorption/fluorescence microspectrophotometry for the study of biological crystals and opens up new avenues for difficult structural projects with mechanistic perspectives in the field of protein crystallography.
Introduction
A developing trend in modern structural biology consists of combining several complementary methods to study a single sample. At synchrotron radiation sources, macromolecular crystallography beamlines need to adapt to this evolution. One way to do so is to develop spectroscopic techniques that can be applied to crystalline samples before, after or during the collection of X-ray diffraction data. In crystallo UV-visible absorption/fluorescence spectroscopy (Pearson et al., 2004; Dickerson et al., 1969) has been proposed as an efficient tool to compare the state of macromolecules in solution and in the crystal (Mozzarelli & Rossi, 1996) , and has found many applications in kinetic crystallography (Bourgeois & Royant, 2005) or in studies of X-ray-induced structural modifications (Berglund et al., 2002; Carugo & Carugo, 2005; Pearson et al., 2007) . The first part of this series introduced the extension of our microspectrophotometer to fluorescence liftetime measurements in macromolecular crystals. In this second part, we report on the implementation of a Raman spectrometer operating under non-resonant conditions to investigate biological crystals under the same experimental conditions as those used for diffraction experiments.
Vibrational spectroscopy in general, and Raman spectroscopy in particular, being sensitive to atomic positions, interatomic forces and molecular environments, provide powerful tools to link structure and function. The relevance of applying Raman spectroscopy to biomolecular crystals was recognized in the 1970s (Yu & Liu, 1972; Yu, 1974) . Since that time, a number of non-resonant, resonant or polarized Raman studies have been reported on proteins (Zhu et al., 1993; Sage et al., 1989; Sawyer & Hester, 1984; Smulevich & Spiro, 1993; Smulevich et al., 1990; Carey, 1999 Carey, , 2006 , viruses, nucleic acids or protein-DNA complexes (Thomas, 1999; Benevides et al., 2005; Thomas et al., 1989) .
Combining Raman spectroscopy and X-ray crystallography is particularly relevant for several reasons. Firstly, Raman spectroscopy is a flexible technique well adapted for studying different phases of matter. Functional states observed in crystallo, in vitro or even in vivo may therefore be compared, providing a biological basis for conclusions drawn from crystallographic structures (Pascal et al., 2005) . Secondly, Raman spectroscopy (if applied cautiously) is a non-invasive method well adapted to monitoring structural states that might prove unstable under intense X-ray beams: a critical problem observed on third-generation synchrotron sources (Ravelli & Garman, 2006) . Thirdly, Raman spectra provide local structural information at sub-atomic resolution that complements the global near-atomic view of a macromolecule obtained from electron-density maps (Carey, 1999) . Fourthly, Raman spectroscopy allows the identification of chemical species displaying ambiguous crystallographic signatures in electrondensity maps. As an example, whereas the electron densities of phosphate (PO 4 3À ) and sulfate (SO 4 2À ) ligands are of essentially identical shapes, discrimination between these molecules is straightforward in Raman spectra owing to differences in nuclear masses and chemical bond strengths (Chantry & Plane, 1960) . Finally, the time-resolved evolution of vibrational modes in crystals may provide a dynamic picture of macromolecules along their reaction pathway, with many time points complementing the more sparse view provided by kinetic crystallography.
Owing to the inherently low signal-to-noise ratio of the Raman scattering process, investigations of dilute biological solutions are generally performed under resonant conditions, which amplify the Raman signal by several orders of magnitude (Loehr & Sandersloehr, 1993; Wang & Vanwart, 1993; Carey, 1982) . However, under such conditions the excitation source targets electronic absorption bands and the technique is therefore restricted to molecules containing aromatic centres, coloured metal sites or chromophores. In this respect, resonant Raman spectroscopy suffers from the same limitation as UV-visible absorption/fluorescence spectroscopy. In contrast, non-resonant Raman spectroscopy is a priori applicable to all proteins, and displays large numbers of vibration bands originating from chemical bonds throughout the entire protein, and a fortiori from the active site. The use of crystalline samples is decisive for producing high-quality non-resonant Raman spectra from biological molecules, thanks to three advantages: a high protein concentration (> 10 mM) leading to a higher Raman signal, a low solvent content producing moderate background scattering and, in general, a reduced protein conformational freedom leading to sharper Raman bands (Carey, 2006) . Moreover, recent technological advances in the design of Raman equipment (laser sources, notch or dielectric filters, CCD detectors) have considerably improved the attainable detection sensitivity. In particular, the use of near-infrared (NIR) excitation light, at wavelengths remote from the absorption bands of most biological molecules, has opened up new avenues for implementing non-resonant Raman systems. Working under nonresonant conditions in the NIR regime offers two advantages. Firstly, protein fluorescence and unwanted scattering, which often reduce the quality of Raman spectra, are minimized. Secondly, actinic effects resulting in chemical transformations and/or photo-degradation of the sample are essentially avoided.
In the past decade, non-resonant Raman spectroscopy of biological crystals has become a powerful method capable of clarifying a number of issues not addressed by X-ray crystallography. The technique has been applied to follow ligand binding and enzyme catalysis in crystalline proteins using conventional Raman microscopes. The computation of difference spectra, highlighting relevant vibrational modes, confirmed the formation of protein-substrate or proteincofactor complexes suggested by electron-density maps and revealed the existence of intermediate states along the reaction pathway (Carey & Tonge, 1995; Carey & Dong, 2004; Carey, 2006) . The arguments described above led us to develop a Raman spectrometer operating under non-resonant conditions adapted for biological crystals mounted on an X-ray diffractometer.
The 'Cryobench' laboratory Royant et al., 2007) has been set up in the context of a close collaboration between the European Synchrotron Radiation Facility (ESRF, Grenoble, France) and the Institut de Biologie Structurale (IBS, Grenoble, France). The laboratory is dedicated to projects requiring spectroscopic information to complement crystallographic data recorded at the ESRF beamlines. The experimental setup allows crystallographers to run spectroscopic experiments with the standard sample environment used in biological crystallography. In the following, we describe the technical choices we have made to record Raman spectra from biological crystals mounted either at ambient temperature using cover slips or at cryogenic temperature using standard loop holders. According to the current philosophy of biocrystallography at synchrotron sources, the apparatus is user-friendly and free from complicated adjustments. Through a few selected examples, we demonstrate the broad potential of combining Raman spectroscopy with X-ray crystallography. In the final section, the paper introduces the feasibility of 'on-line' Raman experiments performed directly at the ESRF macromolecular crystallography beamlines, and suggests some perspectives for future Raman biocrystallography at synchrotron sources, such as the possibility of interleaving X-ray and Raman data collection.
2. Description of the apparatus 2.1. Laser source and spectrograph Our Raman installation, including the laser source, the spectrometer and the probe, was manufactured by Renishaw (Gloucestershire, United Kingdom). The laser source consists of an air-cooled diode laser RL785, operating at a wavelength of 785 nm (AE0.25 nm) and supplying a power of 300 mW, of which 50 mW reach the sample. The availability of such compact sources, delivering a highly stable beam in the NIR domain, constitutes one of the recent advances in Raman technology. The spectrograph is a Renishaw InVia single-stage spectrometer with a focal length of 250 mm. The Raman signal enters the spectrometer through manually adjustable slits and is dispersed by an NIR-blazed holographic grating of 1200 grooves mm
À1
. The design of low-noise CCD detectors with high quantum efficiency in the NIR domain has also research papers revolutionized Raman spectroscopy. Our Renishaw RemCam deep-depletion CCD detector is thermoelectrically cooled at 203 K and allows the rapid acquisition of Raman spectra over a wide spectral range. Using the SynchroScan method, which is based on synchronizing CCD acquisition/read-out processes and grating movements, continuous Raman spectra running from 200 to 4000 cm À1 can be collected, while avoiding the spikes associated with the 'step and stitch' method. This spectral range covers the majority of internal vibration modes of molecules of biological interest. The grating reference position and optics are calibrated using a reference mode at 520 cm
À1 measured with a perfect silicon crystal. The observed line width (5.7 cm À1 ) of this silicon vibration mode allows estimation of the spectral resolution of the spectrometer to $4 cm À1 . The Raman spectrometer is controlled from a PC computer using Wire 2.0 software (Renishaw, http://www. renishaw.co.uk) but can also be triggered by an external TTL signal, allowing synchronization with X-ray diffraction experiments.
Collection optics
The excitation laser light and the Raman signal are transported to and from the sample via a cable made of two fibreoptics, allowing the physical separation of the Raman spectrometer from the experimental area. Thus, the sample can be mounted on a general purpose microspectrophotometer ('offline' experiments) or on diffractometers located inside experimental lead hutches ('online' experiments, x5). The excitation/collection optics consist of a compact Raman probe (140 Â 45 Â 20 mm, Fig. 1 ) configured in coaxial back-scattering geometry, thus minimizing the required space around the sample and preventing misalignment between the excitation and detection volumes.
A further recent improvement in Raman spectroscopy concerns the development of efficient Rayleigh scattering rejection filters. Our Raman probe is equipped with an edge dielectric filter, allowing the recording of Raman shifts down to 200 cm À1 from the excitation line. Lattice modes and antiStokes vibrations are therefore out of reach. The small dimensions of the probe allow easy integration on the microspectrophotometer of the Cryobench laboratory ( Fig. 2 ) and on the mini-diffractometer (MD2M, Maatel, Voreppe, France) installed at the macromolecular crystallography beamlines of the ESRF (Fig. 3) . Precise alignment is ensured by a home-designed 'xyz-positioning' stage. Space restrictions around the sample, mainly due to the presence of the cryogenic nozzle (Figs. 2a, 2b and 2d) , impose a minimum distance of 8 mm between the Raman probe and the crystal. Thus, two objectives have been selected: a Â20 objective with a 21 mm working distance and 0.35 numerical aperture, providing a focal volume of 50 Â 50 Â 100 mm (Olympus, objective SLW Â20), and a Â50 objective with an 8.3 mm working distance and 0.5 numerical aperture, providing a focal volume of 20 Â 20 Â 40 mm (Leica, objective N Plan L Â50). This second objective is well suited for small crystals but is more sensitive to misalignment (Figs. 1 and 2).
Polarization of light
Measurement of polarized Raman scattered light is helpful for assigning some specific vibration bands or for providing quantitative insight into the orientation of some amino acid side chains (Benevides et al., 2005; Kudryavtsev et al., 1998; Tsuboi & Thomas, 2006) . Polarized Raman spectroscopy has found many applications in low-dimensional biological systems, such as filamentous viruses, fibres and films. In rare cases, it has been extended to the study of some protein crystals. However, this technique is difficult to apply in biocrystallography when the crystallographic axis of the sample cannot be precisely aligned with respect to the laser beam. Our Raman microspectrophotometer is equipped with a basic single-axis goniometer, restricting possibilities for aligning crystals along a specific axis. Therefore, we purchased our spectrograph optics without polarization options. The excitation light supplied by the laser source is not totally depolarized during its optical pathway through the multimode fibre-optics to the Raman probe: a residual degree of polarization has been measured at the sample (around 30%). As a consequence, the intensities of some vibration bands are slightly dependent on the rotation position of the crystal on the microspectrophotometer. This effect is probably comparable with the influence of other parameters, such as the cryoprotectant shell or crystal morphology. Users should be aware that, with our instrument, an accurate quantitative exploitation of changes in Raman intensities requires working with a single crystal measured in a fixed orientation.
Sample environment
The Raman focal spot is aligned by maximizing the transmission of the excitation beam through a 50 or 25 mm diameter pinhole (depending on the selected objective) which has previously been centred on the goniometer invariant point. Therefore, crystals centred in the same way are automatically pre-aligned with the Raman beam. Final alignment and optimization of the spindle orientation providing the highest signal-to-noise ratio are achieved while continuously recording Raman spectra with a short acquisition time (1 s). It should be noted that the quality of the spectra is in general strongly dependent on crystal orientation, as is the case for in crystallo UV-visible fluorescence spectroscopy, due to diffusion and refraction effects on the crystal surface. As Raman scattering is also sensitive to the orientation of chemical bonds within the crystal, an efficient procedure for optimizing the spindle orientation consists of monitoring the amide I band ($1650 cm À1 ), as the many amide bonds in a single protein molecule provide a homogeneous orientational distribution within the cell.
As shown in Fig. 2 and detailed in the first paper , the microspectrophotometer with its integrated Raman probe has been specifically designed for experiments requiring standard cryogenic cooling conditions. Any type of conventional cryogenic sample holder developed for macromolecular crystallography may therefore be used, including SPINE standard loops (Cipriani et al., 2006) . Thus, for offline studies, complementary X-ray crystallography and Raman spectroscopy can be carried out separately and alternatively on the same crystal transported or stored using common cryogenic tools.
On the other hand, the possibility of recording Raman spectra from macromolecular crystals at ambient temperature is essential for time-resolved or kinetics studies. In these cases, crystals can be confined in cells formed simply by a sandwich of cover slips sealed with a grease gasket and mounted on a standard magnetic base (Fig. 2b) (Smulevich et al., 1990) . The cover slip facing the Raman probe is chosen in quartz, taking advantage of the high optical quality of this material and its weak scattering in the NIR domain. The opposite plate is a conventional glass cover slip typically used for crystallogenesis. This design allows Raman measurements to be performed on crystals hanging from cover slips taken directly from a crystallogenesis tray without further manipulation.
Sample content
The quality of Raman spectra recorded in crystallo under non-resonant conditions depends on the balance between the protein (or nucleic acid) content and the solvent content of the crystal. Whereas densely packed crystals give rise to Raman spectra that are essentially free of solvent contribution, the presence of large solvent channels may introduce a significant number of bands unrelated to the macromolecule under study. In particular, when large quantities of cryoprotectants such as glycerol or polyethylene glycol need to be employed to ensure proper flash cooling of the sample, the contribution of these molecules to the Raman spectrum should be carefully checked. To do so, the Raman signature of the cryo-protected mother liquor should be recorded separately to provide a reference frame. In some instances, it might be preferable to record Raman spectra from non-cryoprotected crystals, as crystalline ice formation during flash cooling of biological crystals has a minor effect on the Raman spectral quality.
Scaling of in crystallo Raman spectra
A fair comparison of Raman spectra obtained from different crystals requires a sophisticated scaling procedure to account for the subtle background variations due to differences in crystal orientation relative to the laser beam and/or due to varying sample morphologies. For this purpose, we have developed the software ScaRam which allows the computation of a set of 'local' scale factors between two Raman spectra (a spectrum to be scaled and a reference spectrum). This set is obtained by sliding a spectral window (typically 500 cm À1 wide) through the whole range of both spectra. At each position of the window, a linear relationship (I 1 = I 2 + ) is computed between the intensities of the two spectra I 1 and I 2 , using the 'robust' fitting method. This scaling procedure obviously assumes that the peak patterns displayed by the spectra are similar in shape and scalable by a linear relationship. Nevertheless, the robust fitting method allows few non-scalable differences between spectra, such as new peaks originating from chemical transformations in one of the two crystals, to be traced. In practice, the resulting scale factors are almost independent of the frequency, whereas the factors undergo more significant variations, allowing the background correction of the output scaled spectrum with respect to the reference spectrum.
Crystallographic materials and methods

Xylose isomerase
Xylose isomerase (EC 5.3.1.5) was purchased from Hampton Research and was crystallized in the space group I222 at pH 8.0 in the presence of ammonium sulfate (Carrell et al., 1994) . Diffraction data were collected at 100 K on beamline BM30A at the ESRF. The set of diffraction images was processed and reflections were merged/scaled using the XDS package (Kabsch, 1993) . The structure was then solved by molecular replacement using the program MOLREP (Vagin & Teplyakov, 1997) starting with structural coordinates obtained from the PDB entry 1GW9 (Evans & Bricogne, 2002) . After manual inspection and corrections using Coot (Emsley & Cowtan, 2004) , the model was refined using REFMAC (Murshudov et al., 1997) and solvent molecules were positioned automatically by ARP/wARP (Cohen et al., 2004) . A first model was refined, omitting the ligands and cofactors found in the active site. This model was used to calculate the F obs À F calc difference map. Statistics and parameters for model refinement are shown in Table 1 .
Lysozyme
Hen egg-white lysozyme (EC 3.2.1.17; HEWL) was purchased from Sigma and crystallized in the space group P4 3 2 1 2 in the presence of NaCl at pH 4.5, following the well known crystallization conditions (see the Biological Macromolecule Crystallization Database, http://xpdb.nist.gov:8060/ BMCD4/). Diffraction data were collected at 100 K on beamline ID14-EH4 of the ESRF. The structure of lysozyme in complex with Pt was solved and refined using the strategy and software suite described in x3.1. Starting coordinates were obtained from the PDB entry 1GWD (Evans & Bricogne, 2002) . Final statistics are reported in Table 1 .
Experimental results
General performance of the Raman microspectrophotometer
To assess the performance of our Raman microspectrophotometer, a series of tests have been performed using hen egg-white lysozyme (HEWL) as the protein of reference. Two types of sample were prepared from lyophilized HEWL. Classical tetragonal lysozyme crystals were grown (see x3.2), and HEWL solutions concentrated at 100 and 25 mg ml À1 were obtained by simple serial dilution of the protein powder in water. In the crystalline state, eight protein molecules occupy the tetragonal unit cell with parameters a = b = 79 Å and c = 37 Å , giving rise to a protein concentration of 850 mg ml À1 with only 30% of the crystal mass due to solvent. In contrast, in the solution samples, the solvent is highly predominant, contributing 97.5% of the mass of the sample at 25 mg ml À1 HEWL and 90% at 100 mg ml À1 HEWL, a protein concentration hardly accessible in biochemistry. Raman spectra were recorded with the Â20 objective from nanodroplets of both solution samples mounted on nylon loops at 100 K, from a crystal mounted in the same way, and from a crystal mounted between cover slips at room temperature, as described above. In addition, a cryocooled crystal was investigated with the Â50 objective. Samples were flashcooled without cryoprotectant. To allow for a fair comparison, samples larger than the Raman excitation volume were chosen, and they were carefully aligned prior to the acquisition so as to optimize the signal-to-noise ratio. Spectra were recorded over the same range (450-1750 cm À1 ), using an integration time of 15 min. Raw Raman spectra are shown in Fig. 4 . Two characteristic bands, the trytophan breathing vibration (760 cm
À1
) and the trytophan indole C2 C3 vibration mode (1555 cm À1 ) (shown with arrows in Fig. 4) , were selected to compare quantitatively the relative quality of the spectra. The frequencies and intensities of these bands were refined by Gaussian deconvolution using the nonlinear curve-fitting program PEAKFIT 4.12 (SeaSolve Software Inc., San Jose, California, USA), and the corresponding numerical results are reported in Table 2 . It is immediately observed that the Raman data recorded from all crystalline samples are of much superior quality than those from solution samples. Indeed, the Raman intensities of the crystalline and solution samples differ by more than one order of magnitude, in agreement with the prediction deduced from the differences in protein concentration. Moreover, only a few vibration modes can be detected in the Raman solution spectra, and these are poorly exploitable for quantitative evaluations (see the reliability factors R 2 in Table 2 ). In contrast, the Raman spectra recorded from crystals under all three proposed experimental conditions are of outstanding quality and compare favourably with published spectra of crystalline lysozyme (Tobin, 1968; Kudryavtsev et al., 1998) . Our data allow a relatively complete attribution (not proposed here), as well as a quantitative assessment of many Raman bands. The spectrum of crystalline lysozyme recorded at ambient temperature is of a slightly weaker intensity. It presents a significant background produced by the quartz cover slip of the cell (orange and violet curves in Fig. 4 ) owing to the scattering volume, 50 Â 50 Â 100 mm (see Fig. 1 ), which is comparable in depth to the interslip distance. As a consequence, the spectrum suffers from a loss of quality in the 500-1250 cm À1 range and requires a careful background correction.
These experiments demonstrate the excellent performance of our Raman microspectrophotometer and highlight the advantage of using crystalline samples. They show that the use of conventional loops as sample holders is an efficient way of recording high-quality Raman spectra from protein crystals at cryogenic temperatures.
Ligand identification by in crystallo Raman spectroscopy
Xylose isomerase provides a good example of how a chemically ambiguous ligand revealed by electron-density maps can be confidently identified by in crystallo Raman spectroscopy. Crystalline xylose isomerase is known to bind various ligands, inhibitors and metal cofactors at its active site (Carrell et al., 1994 . These metals can be substituted by lanthanide atoms in large excess, to inhibit the enzyme or to provide phasing power (Dauter et al., 1989) . We set out to study this metalexchange process using a combination of X-ray crystallography and difference Raman spectroscopy. The enzyme was crystallized in the presence of 1.5 M (NH 4 ) 2 SO 4 (see x3.1). A 30 mM lanthanide solution was prepared by dissolving europium nitrate [Eu(NO 3 )] into the crystallization mother liquor. Crystals were soaked for about 1 min in this heavyatom solution and washed for a few seconds in a solution of cryoprotectant containing 30% glycerol, before being flash- Table 2 Comparison of Gaussian deconvolution statistics [Raman shift Á (cm À1 ), intensity I 0 (a.u.), and model reliability factor R 2 (between 0 and 1, equal to 1 for perfect fits)] for two selected vibration modes measured on lysozyme (tryptophan rings breathing mode and amide II band).
Five different conditions are reported: two lysozyme crystals at cryogenic temperature measured with the Â50 and Â20 objectives, respectively, one crystal at ambient temperature with the Â20 objective, and two solution samples of lysozyme at cryogenic temperature with concentrations of 100 and 25 mg ml À1 , respectively.
Trp breathing mode
Trp indole C2 C3 vibration mode
Crystal at 100 K, objective Â50 761.1 (1) 18573 (204) Raman spectra (from 450 to 1750 cm
À1
) of lysozyme under different experimental conditions. Black and red: crystals at 100 K mounted in standard cryoloops, measured with the Â50 and the Â20 objectives, respectively. Orange: crystal at room temperature in a quartz cover-slip cell. Violet: scattering of the quartz cover slip. Blue and green: frozen solutions at 100 K with concentrations of 100 and 25 mg ml À1 , respectively. Two vibration modes are selected for comparing the spectral quality, the trytophan ring breathing mode and the trytophan indole C2 C3 vibration mode. cooled in liquid nitrogen. X-ray diffraction data were collected on a europium derivative crystal and two strong positive peaks in the F obs À F calc electron-density map were found at the active site, indicating that the metalexchange process was complete (x3.1, Fig. 5a ). However, the difference map also displayed a star-shaped positive residual electronic density in close proximity to the europium atoms (Fig. 5a ). This density could reasonably be assigned to a nitrate ion, based on its tridentate shape and on the knowledge of the chemical products used to obtain the derivative crystals. We confirmed this assumption by employing Raman spectroscopy under the same conditions as those used for X-ray data collection. The effect of heavyatom soaking was highlighted by comparing the Raman signature of the soaked crystal with that of a native nonsoaked crystal using difference spectroscopy. To this end, Raman spectra from both crystals were scaled using the software ScaRam described in x2.6. The difference Raman spectrum (Fig. 5b) displays two main bands located at 980 and 1048 cm À1 . The band observed at 980 cm À1 is attributed to the symmetric stretching mode of free SO 4 2À (Chantry & Plane, 1960) and is due to the precipitant agent (ammonium sulfate), the concentration of which differs slightly between crystals. The second band at about 1048 cm À1 could result either from chemical modifications of amino acids interacting with the metal, or from a new chemical bond related to the binding process. Any involvement of Eu 3+ cations in this bond is excluded as this would lead to a much lower Raman shift. A Raman spectrum recorded from a sodium nitrate solution frozen to 100 K (1 M NaNO 3 dissolved in water) reveals a strong band at about 1058 cm À1 (Fig. 5b, Table 3 ), assigned to the totally symmetric 1 stretching mode of free nitrate ions (Chantry & Plane, 1960) . Therefore, the Raman band measured at about 1048 cm À1 strongly suggests that nitrate anions are at the origin of the star-shaped density observed in the electron-density maps. The shift of 10 cm À1 from the value observed for free NO 3 À may be explained by a specific association of the anions to crystalline xylose isomerase. Such specific binding modifies the N-O bond strength, breaking the structural symmetry of NO 3 À from D 3h down to C 2v or C s and shifting the 1 Raman frequency. Interestingly, Gaussian deconvolution allows the identification of two peaks in the $1048 cm À1 band. A first peak at 1047.8 cm À1 contributes 93% of the total intensity, whereas a second, at 1059.7 cm À1 , contributes the remaining 7%. We assign this second peak to residual free nitrate residing in the solvent channels of the (washed) derivative xylose isomerase crystal. Assuming a 1:1 bound nitrate:enzyme molar ratio, i.e. 14 mM of bound nitrate, the concentration of residual free NO 3 À in the solvent channels can be estimated to be around 1 mM.
Final refinement including the lanthanide cofactors and the nitrate ligand in the X-ray model corroborates the conclusions drawn from Raman spectroscopy (Fig. 5b) . In particular, it is seen that NO 3 À binds to the active site of xylose isomerase by completing the coordination sphere of Eu 3+ at site B as a bidentate ligand, together with the carboxyl groups of Asp257 and Asp255. Such a coordination bond is likely to explain the 10 cm À1 shift of the nitrate 1 Raman frequency.
Ligand-binding kinetics in crystals followed by Raman spectroscopy
The ability to follow reaction kinetics of clinically relevant molecules in biological crystals using a Raman microscope has already been demonstrated (Helfand et al., 2003 microspectrophotometer is another accurate tool for following the kinetics of chemical or enzymatic reactions taking place in macromolecular crystals over timescales larger than a few minutes. As an example, we have monitored the time course of the formation of a crystal derivative. The binding of heavy metals to crystalline proteins is a widely used procedure in protein crystallography (Blake, 1968; Blundell & Johnson, 1976) . Although the mechanisms involved may be relatively simple, their timescale is often ignored. The possibility of following binding kinetics by in crystallo Raman spectroscopy provides a new way of optimizing soaking time and thus of preserving crystal quality. Platinochloride ions are known to generate efficient lysozyme isomorphous heavy-atom derivatives (Sun et al., 2002) . A lysozyme crystal (prepared as described in x3.2) was soaked in a microlitre drop of a 10 mM solution of a tetrachloroplatinate salt (K 2 PtCl 4 ) maintained in a cover-slip cell (x2.4, Fig. 2e ) at the centre of the microspectrophotometer. Raman scattering spectra of platinochloride anions display intense characteristic bands in the 305-330 cm À1 spectral range, corresponding to Pt-Cl stretching modes (Kalosakas et al., 2002) . Raman data were recorded continuously (one spectrum every 200 s) from the lysozyme sample during the 14 h of the soaking process and revealed growing bands in the Pt-Cl stretching frequencies region (Fig. 6a) . The integrated Raman intensity of this group of Pt-Cl-related peaks was normalized to the integrated intensity of the protein tryptophan vibration mode at 760 cm À1 (I 310 /I 760 ), thus providing an accurate quantitative parameter for monitoring platinochloride binding. The time course of the I 310 /I 760 ratio (Fig. 6b) shows that the binding process is very slow, taking about 10 h to complete. Interestingly, the evolution of the I 310 /I 760 ratio is fully consistent with conclusions from earlier work claiming that tetrachloroplatinate lysozyme derivation arises via an intermediate step (Petsko et al., 1978) . Indeed, the platinum metal needs to raise its oxidation state from II to IV, and therefore to exchange some of its labile chloride ligands prior to binding to lysozyme. This change in oxidation state constitutes a strongly rate-limiting step for the binding reaction and may explain why the kinetic curve (Fig. 6b) adopts a linear phase, rapidly followed by saturation once all Pt binding sites have reached their maximum occupation. After $6-7 h, close to saturation, the crystal starts to undergo damage, as suggested by a decrease in the intensity of the 760 cm À1 tryptophan mode and by the noisiness of the experimental data. This observation is consistent with the idea that too long a soaking time might be deleterious to the quality of a crystal.
To verify the tetrachloroplatinate derivation of lysozyme crystals, an X-ray diffraction experiment (x3.2, Fig. 6c ) was carried out on a crystal soaked for 12 h under Raman control, as described above. The anomalous map superimposed on the ribbon representation of lysozyme reveals four binding sites at the surface of the protein, of which two Pt positions separated by 5.5 Å are bonded to Arg14 and have already been reported for numerous Pt lysozyme derivatives (Blake, 1968; Blundell & Johnson, 1976) .
In summary, an optimum soaking time for lysozyme crystals in K 2 PtCl 4 could be found thanks to our Raman data. These results show that kinetic Raman microspectrophotometry provides an efficient tool to monitor slow binding processes in macromolecular crystals, and to support a mechanistic hypothesis suggested by structural results.
Concluding remarks
We have developed a Raman microspectrophotometer which allows the spectroscopic investigation of protein crystals under exactly the same conditions as those used for X-ray data collection. This microspectrophotometer was assembled using commercially available parts and constitutes an affordable easy-to-build device producing spectra of excellent quality.
Recent research has demonstrated that Raman microscopy is a strikingly efficient method for studying the conformational state of proteins in the crystalline state (Pascal et al., 2005) ). Points corresponding to spectra shown in (a) are indicated with coloured arrows. The red line shows a linear fit of the experimental data during the first half of the experiment. (c) Anomalous density map contoured at 5 illustrating the Pt binding sites of lysozyme for a crystal soaked in astudies are typically performed at room temperature, placing a crystallization tray under the Raman microscope and focusing on the crystal selected for investigation. While experiments similar to those performed with a standard Raman microscope can be carried out with our device, as demonstrated in x4.3, the additional possibility of studying crystals in the same sample holders and at the same temperature as those used for X-ray diffraction experiments introduces new advantages. Firstly, questions concerning putative sample structural modifications that may be induced by temperature variations (Halle, 2004) or by time delays between spectroscopic and crystallographic investigations are eliminated. As crystals are kept frozen from the spectrometer to the diffractometer, changes in sample structure between the two experiments are mostly avoided. Secondly, the quality of our Raman spectra clearly benefits from the use of the windowless sample holders that have been developed in the context of macromolecular crystallography. Crystals mounted in cryogenic loops are only shielded from the excitation/collection optics by a thin layer of mother liquor, significantly improving the achievable signal-to-noise ratio. Thirdly, the integration of a Raman probe in a microspectrophotometer provides the advantage of possibly combining Raman measurements with absorption/fluorescence in crystallo spectroscopy. Likewise, photo-induced events in macromolecular crystals can be monitored thanks to actinic excitation light sources available on the microspectrophotometer. As an example, one could envisage triggering enzymatic reactions in the crystal at low temperature by light activation of a caged substrate and following the induced changes along the reaction pathway by difference Raman spectroscopy. Fourthly, the instrument allows the quantification of the effects of X-ray damage possibly occurring during diffraction data collection by comparing Raman spectra recorded before and after X-ray experiments. Such control was found to be crucial for validating the X-ray crystal structure of a reaction intermediate in superoxide reductase, an enzyme known to be particularly sensitive to X-ray-induced photo-reduction (Katona et al., 2007) .
While offline experiments already allow numerous questions to be answered, such as the identification of ambiguous ligands, the measurement of binding kinetics or the a posteriori evaluation of radiation damage, the possibility of combining Raman spectroscopy and X-ray diffraction online, directly on a beamline, would undoubtedly further improve the capability of the method. A preliminary design for online Raman microspectrophotometry has been successfully tested on beamline ID14-EH2 of the ESRF. As shown in Fig. 3 , the Raman probe could be easily integrated into the MD2M minidiffractometer installed on all the beamlines dedicated to macromolecular crystallography at the ESRF. In this way, X-ray diffraction and Raman scattering data could be recorded in an interleaved manner. This new method has been entitled macromolecular X-ray diffraction combined with Raman spectroscopy (MXRS). Our first results describing a quantitative evaluation of X-ray-induced damage in DNA crystals have been published elsewhere . In line with these first results, an upgraded version of our Cryobench laboratory has recently been built as a satellite laboratory of the beamline ID23 Gemini. This new facility allows ESRF users to carry out online spectroscopic studies on a routine basis, thanks to optical fibres connecting the Cryobench laboratory to the ID23 experimental stations. In principle, similar Raman instruments could be installed on standard X-ray generators, so that the potential of combining crystallography and spectroscopy could also be extended to laboratories remote from synchrotron radiation sources.
In some specific cases, the interpretation of Raman spectra recorded under non-resonant conditions might prove difficult. Therefore, for those macromolecules that display electronic transitions in the visible range (e.g. metalloproteins or chromophore-containing proteins), we are working on the development of resonant Raman microspectrophotometers, despite the expected low versatility of such devices (Loehr & Sandersloehr, 1993; Wang & Vanwart, 1993; Smulevich & Spiro, 1993; Zhu et al., 1993; Carey, 1982) . Recording resonantly enhanced Raman spectra could be a decisive advantage for crystals with a large solvent content, or when non-resonant spectra displaying too many bands are difficult to interpret, or even to facilitate the comparison between crystalline and solution samples (Zhu et al., 1993; Smulevich & Spiro, 1993) . However, great care will be needed to maximize penetration of the excitation beam in optically dense crystals and to avoid photo-damage.
